Exciton polaritons in semiconductor waveguides Appl. Phys. Lett. 102, 012109 (2013) Photonic microdisk resonators in aluminum nitride J. Appl. Phys. 113, 016101 (2013) Electrically controlled absorption in a slab waveguide formed by the implantation of protons in a potassium lithium tantalate niobate substrate Appl. Phys. Lett. 101, 261101 (2012) μ-Raman spectroscopy characterization of LiNbO3 femtosecond laser written waveguides J. Appl. Phys. 112, 123108 (2012) Additional information on J. Appl. Phys. Data are presented for the refractive index profiles for low-dose He ϩ ion-implanted LiNbO 3 waveguides. In the nuclear stopping region, the extraordinary index is increased for low ion doses, by contrast with index reduction normally associated with ion-implanted waveguiding structures. The index increase was confirmed by fabricating a buried waveguide for the extraordinary index by use of multi-energy implants. For single-energy implants, data are shown which map the extraordinary index at the surface together with that in the nuclear collision zone, as a function of angle relative to the z axis of light propagation in surface waveguides for X and Y cut LiNbO 3 . These indices cross over near 45°, which results in a mode gap for which waveguide modes are not supported. A mechanism for this behavior is discussed based on defect-induced lattice relaxation. The phenomenon of a controlled mode gap may have applicability for optoelectronic and nonlinear materials and devices.
INTRODUCTION
LiNbO 3 is an outstanding material due to its high electro-optic and nonlinear optical coefficients and the fact that large single crystals are available at reasonable cost. Many of the applications require optical waveguides and an effective and competitive technique for guide fabrication in a wide range of optoelectronic and nonlinear materials is the use of ion implantation with light ions (He ϩ or H ϩ ). This is successful not only with LiNbO 3 but also in materials where chemical dopants to enhance the refractive indices are not available and implantation has become a practical route, with more than 50 examples reported so far. [1] [2] [3] [4] Its general applicability comes from the simplicity of the physical mechanism that was proposed for defining a waveguide. 5, 6 The original model capitalizes on the fact that the energetic light ions lose most of their initial kinetic energy, ϳ1 or 2 MeV, by electronic interaction within the first few microns of the sample, causing little or negligible structural damage. At the end of the ion track, the ions undergo elastic nuclear collisions, causing atomic displacements, which at high doses above a few times 10 16 ions/cm 2 lead to partial or even complete amorphization of the lattice. Associated with this energy deposition and damage is a reduction of the density that is frequently accompanied by a decrease of refractive index. Such a decrease in index acts as a optical barrier and so defines a waveguide in the surface layer. The overall mechanism is insensitive to the target material but different insulator materials, although following this general model, show more specific features. In many cases the electronic energy deposition causes a small positive change of the extraordinary refractive index. Increases in index from nuclear collisions have been observed from bond compaction in some silicate glasses and in crystalline insulators index increases can occur from modified bond rearrangements ͑as in Bi 4 Ge 3 O 12 1, 7 ͒ or ionic motion (LiNbO 3 ). [1] [2] [3] [4] 8 At low ion beam doses (ϳ1ϫ10 16 ions/cm 2 ) for crystals such as Nd:YAG there is a small increase in index. 1, 9 With an expanding literature more subtleties in the shapes of the refractive index profiles have been noted, and many examples have been detailed in recent years for LiNbO 3 , especially for the extraordinary index (n e ). 1, 8, 10 For example, it was found that the maximum increase of the extraordinary index is not at the surface, but is peaked deep inside the waveguide. This gives rise to the so called missing modes, 10 which are modes which cannot be coupled with a prism because they are buried ͑as indicated in current data͒. A further deeply buried strange mode, found for some limited implantation conditions, corresponds to an index enhancement beyond the damage barrier. 8 Nevertheless, in all the standard high dose cases, both n o and n e decreased by a few percentage in the nuclear damage region to provide the usual optical barrier. This was explained in terms of a decrease of density caused by the He ϩ ion damage of the crystal. Explanations for the details of the n e profile include diffusion of Li ions into the damage region, and/or lattice relaxation and restructuring.
For LiNbO 3 there have been no studies of the index profiles with small ion doses and in this letter we report on such 
EXPERIMENTAL DETAILS
X and Y-cut LiNbO 3 samples were implanted with He ϩ ions at 2.0 MeV energy at room temperature. Doses as low as 1ϫ10 15 ions/cm 2 were used ͑NB the standard dose for implanted waveguides in LiNbO 3 has been in the range 1 -6ϫ10 16 ions/cm 2 ). Three optical methods were used to determine the properties of the waveguides. Mode measurements leading to refractive index profiles were made with a dark mode reflectivity setup with a resolution better than 0.0001. Profiles were modelled via a fitting algorithm specifically developed for retrieving the index profiles of ionimplanted guides. 16 Although both transverse electric ͑TE͒ and transverse magnetic ͑TM͒ modes were routinely measured, only TE polarization is used for the study of the anisotropic behavior of the refractive index, i.e., for measuring the curve n TE (), being the angle between the light propagation direction and the optical c axis of the LiNbO 3 samples. By rotation of the X-or Y-cut samples under the coupling prism, keeping the light direction and the prism position fixed, the curve n TE () for the confined modes and resonances above the isolation barrier were obtained. At the extreme points of the curve, the normal n e and n o indices are measured, for ϭ90°and 0°, respectively. In the cases where there are buried modes which do not couple effectively to a surface prism, their presence can be inferred from the curve fitting and additionally their presence can be confirmed on going from ϭ90°towards 0°as coupling will occur with changes in the index profile. Previous data 1, 8, 10 used several wavelengths and surface removal to confirm such examples of strange or missing buried modes.
Finally, with a standard end-coupling system with microscope objectives and a digitalized charge coupled device ͑CCD͒ camera, near field images of the out-coupled guided light were taken (ϭ90°), for TE and TM polarization, i.e. measuring extraordinary and ordinary modes, respectively. Choosing an input polarization at 45°to the sample surface, allows simultaneous coupling of TE and TM modes.
RESULTS
Figures 1͑a͒ and 1͑c͒, show the measured mode data and the resulting refractive index profile for the standard ion implantation dose (2ϫ10 16 ions/cm 2 ). The main point to note here is that in addition to the confined modes within the optical well of the waveguide the higher order resonances are still valuable in analysis of the form of the profile. Indeed, these extra data are essential for definition of complex profiles. Figures 1͑b͒ and 1͑e͒ contrast the measurements of the optical anisotropy study, n TE (), of the He implanted waveguides, for a low dose of 1ϫ10 15 ions/cm 2 ͑bottom row of figures͒ and for a standard high dose of 2ϫ10 16 ions/cm 2 ͑top row͒. The left hand ͓Figs. 1͑a͒ and 1͑d͔͒ show the refractive index of modes and resonances ͑horizontal dotted lines͒ and the index profiles obtained from the mode analysis ͑solid line͒ for the ordinary refractive index n o (ϭ0°) for high and lose dose, respectively. Figures  1͑c͒ and 1͑f͒ show similar plots for the extraordinary refractive index n e (ϭ90°) for the high and low doses. Missing modes can be predicted, but surface coupling is inadequate to make measurements of them directly, nevertheless from earlier work their positions can be estimated, and an example occurs here where the two highest index modes in Fig. 1͑c͒ are not accessible via surface prism coupling.
Of particular note is the n e profile ͓Fig. 1͑f͔͒ which is determined for the low dose, as the index increases at the end of the ion range ͑i.e., as noted elsewhere for ion implanted Nd:YAG waveguides͒. 9 There is thus a divergence of behavior between n o and n e and in order to ascertain how the 
Figures 1͑b͒ and 1͑e͒ summarize the results and show there are smooth transitions in the refractive indices. In the case of the standard high dose waveguides ͓Fig. 1͑b͔͒, modes and resonances can be readily seen and measured for all angles. Their analysis is, however, far more difficult for this hybrid mode situation, hence the hybrid mode indices marked on Fig. 1͑b͒ are less well determined than the precision values obtained at the end points of values of 0°and 90°. The data nevertheless confirm that a damage generated low index barrier exists for all values of . In the Fig. 1͑b͒ we have only plotted the first three modes because their hybrid behavior is negligible. Higher order modes split in two different components because of the birefringent nature of LiNbO 3 . 17 As shown by Fig. 1͑b͒ there is also a smooth transition from n o to n e from easily coupled modes to predicted missing mode values. By contrast, on inspection of Fig. 1͑e͒ for the small ion beam dose, there is a crossover in the values of the surface indices with those of the damage barrier. Consequently the measured modes become vanishingly faint when approaching an angle around ϭ45°, resulting in a mode gap where modes can no longer be supported. This feature was initially unexpected, but in hindsight is consistent with the observations shown by Figs. 1͑d͒ and 1͑f͒. This is a novel result, which appears for doses up to ϳ5ϫ10 15 ions/cm 2 , and it has been observed for any shape, size, and pressure of the optical contact.
Rigorously, for any intermediate angle, modes are no longer pure TE or TM, but they become hybrid modes, and any further detailed study should take this into account. 17 Nevertheless, for planar waveguides and for the highest effective index modes, as considered here, the hybrid character can be effectively neglected.
A similar pattern of modes and a mode gap, has been noted previously 18 in a study of double energy implanted LiNbO 3 waveguides for light propagating at different angles of . Their data show a similar mode gap, but in that work the authors did not offer any explanation for such behavior.
Although Fig. 1͑f͒ indicates that a mode exists which has a higher index than the surface index it could not be supported within the very narrow region of raised index formed at the end of the ion track by nuclear collision damage. The possibility of confinement within a raised index region has been confirmed by building a wide high index zone using multi-energy implants. A low dose was used for several closely spaced ion energies. These multienergy He implants were made using energies of 2.00, 1.95, 1.90, 1.85, 1.80, 1.75, and 1.70 MeV, each with a dose of 1ϫ10 15 ions/cm 2 .
The n e mode pattern of this structure differed strongly from the single energy case, where there was just one mode of slightly raised index. For the multi-energy case the effective modal indices are shifted to higher values, and the resonances through the barrier are mostly suppressed. The results are plotted in Fig. 2 for this multi-energy implanted guide. In Fig. 2͑a͒ the dashed line represents the intensity distribution of the n o guided light and the dotted line is that of the n e light. There is one n e missing mode, as monitored from the surface prism, that exists within the raised index barrier zone, and so does not couple to the surface, but this was revealed by rotating the sample, as described previously.
In order to measure the depth and the width of the buried n e waveguide, several near field images of the guided light were made with an end-coupling system. The polarization of the in-coupled light was changed from ordinary to extraordinary, without moving the relative positions of the sample, out-coupling objective or the CCD imaging camera. The near field intensity patterns are shown in Fig. 2͑a͒ . The double peaked solid line represents the profile measured for input light polarized at an angle of 45°to the surface sample, that is, when TE (n e ) and TM(n o ) modes are coupled simultaneously. When coupling was made only for n o ͑ordinary light͒ the near field showed a waveguide at about 3 m depth, extending from the surface, with a boundary defined by the reduced n o index ͑the barrier͒. For n e ͑extraordinary light͒ there are two different possibilities for waveguiding since two different types of mode can be excited. These are either a guided mode extending from the surface, to a depth of less than 4 m, or a buried mode, of ϳ1.5 m width which commences some 2.5 m from the surface. Figure 2 shows that most of the power is emitted in the near field pattern of the buried mode. Since ordinary polarized light is not guided in this buried barrier region there can be a spatial separation of the two polarizations in the near field patterns.
The results lead to the estimated index profiles shown in Figure 2͑b͒ . The multiple low dose implants with closely spaced energies generate a continuous extraordinary index increase at the end of the ion track that give rise to the buried mode. The accumulative electronic stopping effect ͑giving a slight increase of index from the surface throughout the ion range͒, that each implant generates, also allows a mode to be confined between the surface and a depth of almost 5 m. The near field intensity profiles described here imply that the propagation losses of the waveguides are low enough to transmit the guided light. Normally, for the standard high dose implanted waveguides the normal procedure requires a reduction of the losses in order to allow light transmission. Typically this is made via a low temperature annealing at 250°C that removes absorbing color centers, but without making a significant change in the refractive index profile. Remarkably, for the low dose implanted waveguides we have found good light transmission, even before annealing. Nevertheless, transmission increases, as expected, with the annealing procedure. Further work is in progress to compare the final low loss values for the two cases, ͑i.e., from the standard dose and the low dose implanted guides͒.
Given that the waveguiding capabilities reported here are for the extraordinary polarization in the nuclear damage region, there is concern about its usefulness of the region for electro-optic and nonlinear devices. The restructuring of lattice involves some defects or deformed lattice, and these will reduce the relevant performance. However, this is offset by the access to the highest nonlinear coefficient of LiNbO 3 (d 33 ) which is addressed via the extraordinary polarization. A recent detailed study of the in depth profiles of the second order nonlinearity 19 showed that for implant doses lower than 5ϫ10 15 ions/cm 2 , more that 50% of the value of the d 33 bulk LiNbO 3 coefficient is still preserved. The value rises to 75% for the lower dose of 1ϫ10 15 ions/cm 2 , even before annealing ͑i.e., which is a factor of 3 greater than available for n o light͒. Further recovery of the nonlinearity is expected with annealing treatments, as for the case of high implant doses.
A simple explanation for the novel refractive index property can be given taking into account that LiNbO 3 is a material with a high negative birefringence, ⌬nϭ0.08, n e being lower than n o . In general, ion beam damage results in isolated point defects and ionic displacements, which at low doses allows some relaxation and distortion of the lattice. For a highly birefringent material this initially raises the lower index and decreases the larger one. Continued bombardment destroys the longer range lattice ordering and so can lead to total amorphization of a crystalline structure ͑e.g., as seen in the quartz to silica transitions where the two crystalline indices converge to a lower high density glass value͒. 1, 2, 20 In LiNbO 3 total amorphization appears not to be feasible since even for very high implant doses the ordinary and extraordinary indices never exactly match. Nevertheless, the pattern reported here, and in Ref. 18 , is consistent with an n e index increase from relaxation of a damaged lattice, followed by an overall decrease of both indices as pseudoamorphization occurs to a lower density glassy structure.
CONCLUSIONS
The model is adequate to explain the effects but is rather simple and does not include more subtle contributions from changes in bond polarizability or stress induced distortions. The latter effects are well documented even in cubic and glassy materials, and so may contribute in the LiNbO 3 . The same effect might exist in the isomorphous LiTaO 3 , but as it has only a very small birefringence it may be difficult to observe; however, in other birefringent or biaxial materials, the lowest refractive indices could increase. Possible candidates are CaCO 3 , KTP, BBO, LBO, KDP, or KNbO 3 and in the latter material such effects may be seen, although ''ultra low doses'' are required as the material damages more readily than LiNbO 3 . 1, 11, 12 The inherent presence of a mode gap, for many of these materials, in which light can only propagate over a limited angular range in a planar waveguide, opens the possibility of designing and engineering new types of surface waveguide devices.
